ABSTRACT
Identification of gaps among sequence contigs is typically the most difficult part of the finishing phase of whole-genome shotgun (WGS) sequencing projects. To facilitate this process, many projects use a fingerprinted BAC-or fosmid-based physical map generated from sets of overlapping clones, in addition to WGS assembly (e.g., Waterston et al., 2002) . In WGS, reads are collected and assembled into a number of sequence contigs (draft sequencing). At this stage, even after taking into account read pair information, finishers usually encounter many unordered, disoriented sequence contigs or supercontigs. Repetitive elements may cause global misassemblies. A physical map, generated from BACs or fosmids that have been endsequenced, provides a useful set of sequence tags that can be used to guide finishing and to confirm the correctness of the sequence assembly. However, placing sequence contigs onto a physical map is a tedious process: the amount of data that has to be analyzed is large, and the positions and orientations of sequence contigs have to be inferred from a wide variety of evidence. We have developed MapLinker to markedly reduce the human effort required to integrate information from physical maps and WGS assembly.
The principle behind this tool is that the relative positions and orientations of sequence contigs can be predicted based on the location of sequence markers on the physical map. If a sequence contig includes a BAC or fosmid end read, the contig can be tentatively anchored to the position of that BAC/fosmid on the physical map. However, since the orientations of BACs or fosmids are initially all unknown, there are two possibilities for the location and orientation of each contig. Figure 1 shows how this problem can be overcome by using the multiple 'links' that exist on the same sequence contig.
The input of MapLinker consists of two parts. The first is physical mapping data from fingerprint software such as FPC * To whom correspondence should be addressed. (Soderlund et al., 1997) , where the relative physical coordinates and estimated size of BACs or fosmids are stored. The second part is sequence assemblies from software such as Phrap (Green, P., http://www.phrap.org/) and PCAP (Huang et al., 2003) , where the location and orientation of all BAC/fosmid end-reads relative to sequence contigs are stored. All data are parsed and stored in a relational database. MapLinker, implemented in Perl/tk, acts as a client to query the database, analyzes the 'conformation' for each FPC contig, and presents the output in a graphic interface for user manipulation and evaluation (for a screenshot, see http://gordonlab.wustl.edu/MapLinker). Results of the analysis can be saved in the database and printed.
The positions of BACs or fosmids on the physical map may be inaccurate, mistakes may have been made during shotgun assembly, or there may be insufficient physical markers (or constraints). In these cases, MapLinker allows users to manipulate (e.g., move, invert or delete a sequence contig) and save the data output. It also provides a number of features that help the user to improve the analysis. For example, when a sequence contig has links from two distant parts of the physical map, the location supported by the most links will be used: links that are inconsistent are marked and relevant information is provided.
The utility of MapLinker was tested as we sequenced the complete 6.3 Mb circular chromosome of Bacteroides thetaiotaomicron, a prominent bacterial symbiont in the microbial community that resides in the distal adult human intestine (Xu et al., 2003) . Our sequencing strategy involved the following steps: (1) creation of a physical map composed of overlapping BAC clones, each of which was fingerprinted by digestion with a restriction endonuclease (Marra et al., 1997) and end-sequenced; (2) end-sequencing of two WGS libraries, and assembly of the data, together with the BAC end reads, into sequence contigs using Phrap; (3) MapLinker-based anchoring of sequence contigs onto the physical map with coincident (i) predictions of misassemblies based on discrepancies between sequence contigs and the physical map, and (ii) identification of physical gaps in addition to sequence gaps; (4) verifying predicted gaps by PCR, and closing them by sequencing linking clones or PCR fragments. This approach made full use of the time and cost advantage of WGS, and with the help of the physical map, allowed the finishing process to proceed with simultaneous targeting of sequence and physical gaps. We also coupled MapLinker with annotation tools such as Artemis (Rutherford et al., 2000) , so that the gene content of individual sequence contigs could be examined as finishing progressed. MapLinker can also be useful for physical mapping when draft sequences are available. Even low-coverage draft WGS assembly can help merge small FPC contigs to larger ones when a sequence contig or supercontig spans two FPC contigs. Furthermore, conflicts in the order or location of sequence contigs suggested by WGS assembly versus the physical map serve as warning signs of misassembly of sequence contigs or FPC contigs. For example, MapLinker was used to integrate draft WGS assembly into the process of producing a high-quality physical map of Histoplasma capsulatum strain G217B (Magrini et al., 2004 , estimated genome size, 39 Mb): i.e., MapLinker automatically generated a list of potential connections between FPC contigs that were later verified by manual examination of the restriction patterns of overlapping clones; local misassemblies of BACs/fosmids on the physical map were identified in the MapLinker interface.
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MapLinker was tested on two much larger genomes that are currently being finished: Galus Galus (1.1 Gb; Washington University Genome Sequencing Center) and Mus musculus (2.8 Gb; Mouse Genome Sequencing Consortium). Given the fingerprinted physical maps and the whole genome assemblies, it took less than 8 h for MapLinker to automatically parse the text-based input files (.fpc and .ace) for either genome and load them into a relational database. MapLinker was then able to automatically construct a genome map in less than 4 h [tests performed on a MySQL (Version 4.0.18) server with two Pentium 4 Xeon 3.2 GHz processors and 2 GB of RAM].
In summary, MapLinker can be used as an analysis tool and as a browsing interface to fulfill a number of important functions in genome sequencing projects of varying size. It predicts the relative order and orientations of sequence contigs, allows prediction of physical or sequence gaps among these contigs, detects misassemblies, and permits ready comparisons of assemblies produced by different assembly programs. In addition to its utility for evaluating and monitoring progress during finishing, it provides a framework for annotation of draft (6X coverage), improved draft (8X coverage), or fully finished genomes. MapLinker can also be used for improving physical maps using a sequence assembly.
